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I N T R O D U C T I O N 
For • number of years* systems of molten salts have been 
a subject of extensive research. Their behaviour in various 
media, thermodynamic properties, and industrial applications 
have held the interest of many workers around the globe. 
A salt is expected to behave like a liquid in its 
molten state. Theories of liquids can, therefore, be 
applied to study its thermodynamic behaviour. Similar is 
the case with mixtures of molten salts. 
Theories of solutions are based upon two aspects. One 
of these is the entropy associated with dispersion of the 
two molecular species or the constituent entities in the 
case of complex molecules among one another. The another 
aspect is concerned with the interactions between the neigh-
bouring molecules. 
In liquid state, the local structure, e.g., the packing 
density, the free volume or more precisely the radial dis-
tribution functions affects the equilibrium properties of 
salts. The shape and the size of the molecules alongwith 
the forces between them seem to determine the resultant 
local structure which is affected by the changes in the 
composition of mixtures. This will consequently, affect the 
thermodynamic properties of molten mixtures. 
Molten salts which bypass their melting points on 
cooling become supercooled liquids* provided crystalli-
zation does not interfere. Such supercooled liquids fo^p 
glasses near some characteristic temperature known as the 
glass-transition temperature, Tg, which is usually well 
below the melting temperature and provides a meaningful 
corresponding temperature scale for use in the comparison 
of fused salt properties, in particular, transport proper-
ties. In most cases in which glass transition can be 
observed as an experimental phenomenon the transition tem-
perature Tg lies slightly above T^, 'ideal glass-transition* 
or 'zero mobility* temperature. T is the temperature at 
the specified composition and interpreJbeet as the tempe-
rature below which no further changes in internal energy 
by rearrangements of particles into configurations of lower 
potential energy are possible. The melting points of most 
of the common salts are such that their transport studies 
have generally been performed in a *middle* or overlap regior 
where neither the approaches suitable for the high tempera-
ture *gel like* range nor those designed for the more 
* solid-like* low temperature region can be expected to apply. 
Accordingly, it is not too surprising that progress in 
understanding the transport properties of fused salts has 
been slow. 
Measurements of density and viscosity of binary 
mixtures enable one to investigate the intermolecular 
interaction and to correlate them with their thermodynamic 
and excess thermodynamic properties. The excess thermo-
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dynamic properties like the excess volume, V , the excess 
viscosity, TJ , the excess free energy /^ G^, the excess 
enthalpy, ^ 2:^  H and the excess entropy, /\ S obtainable 
from the temperature and concentration dependence of 
density and viscosity have been successfully employed to 
characterise the strength and the nature of interaction 
among the molecules in solution. Further, these excess 
properties adequately explain the extent of complex formation 
in binary liquid mixtures in terms of their temperature co-
efficients. Grunberg and Nissan employed a direct approach 
to estimate the strength of interactions in binary mixtures 
from viscosity data by using the expression. 
In \^y^ = Xj^ lntij^  ••• Xglnru + Xj^ Xgd* .... [l] 
in which X^ ,^ X2» T)^ and n^ are the mole fractions and the 
viscosities of components 1 and 2, ^Ay^^ is the viscosity of 
the mixture and d* is a constant and proportional to W/RT 
(W is interchange energy) and may be regarded as an approxi-
mate measure of the interaction between the components. 
However, the temperature and concentration dependence 
of viscosity data have been found to be helpful in establishing 
the existence of new species even.in cases where other 
studies fail to do so. The observed positive deviation 
from a dependence of viscosity on mole fraction and the 
presence of maxima have been attributed to complex formation. 
The negative deviation on the other hand* has been ascribed 
to the dispersion forces. 
Several theories have been proposed to explain the 
nature as well as the magnitude of molecular interactions 
in the binary liquid mixtures. 
Prigogine and Roulinson's treatments of liquid mixtures 
are based upon the cell model of liquids (83,84). These 
models are unable to account for the experimental results 
due to the limitations of the model itself. A cell, con-
sisting of the neighbouring molecules in a fixed array about 
the central atom (which is supposed as 'Wanderer*) assumes 
a solid-like or a crystal-like structure. Each molecule is 
required to perform dual inconsistent roles i.e., it must 
function both as a fixed body and as a wanderer within its 
own cell. The cell model does not take into account those 
features which set a liquid apart from a solid. 
A theory of solutions has recently been developed by 
Flory and coworkers (85-87) which correlates the thermody-
namic properties of liquid mixtures to the properties of 
pure components as manifested in the parameters characterizing 
their equation of state. This theory is based on the simple 
statistical mechanical model that is sufficiently versatile 
to permit its application to mixtures of molecules as well 
as pure molten salts irrespective of their shape and size. 
The excess quantities for the mixtures of non-polar molecules 
have been treated recently on the basis of this theory. 
Flory theory (85-87) has been applied to evaluate the 
reduced and the characteristic parameters of pure components 
as well as their binary mixtures. This theory has been 
applied successfully to estimate the viscosity and other 
properties of binary liquid mixtures (88-90), the excess 
thermodynamic properties and the viscosity of molten salts 
(91-93) and their binary mixtures as well as those of the 
liquid nitrogen (94). 
This theory has also been applied successfully to 
compute the surface tension of molten salts (95) and their 
mixtures as well as those of the polymeric solutions (96). 
Consequently* with a view to understanding the behaviour 
of low melting salts, the hydrates of calcium and cadmium 
nitrates : Ca(N03)2.4.34H20 and Cd(N03)2.4.30H20 melts were 
chosen for the measurements of density and viscosity as 
functions of temperature and composition. 
T H E O R E T I C A L 
The viscosity^ TI, of liquids is precisely described by 
the Arrhenius equation, 
n = Ae^^^^/'^T .^.. ^13 
where A is a constant» R is the gas constant* T is the 
absolute temperature, and Eyj^ g is the activation energy for 
viscous flow which is temperature independent. The expo-
nential relation between viscosity and temperature was first 
proposed by de Guzman (1) and Dunn (2). This relation 
emphasizes a relation between viscosity and an energy barrier 
in the process of viscous flow (3). 
Dunn (2) used this equation over a wide range of ten^e-
rature to describe the viscosity of melts, iodides, dibromldes, 
chlorides, bromides, and acid anhydries. 
Frame, Rhodes and Ubbelohde(4) obtained straight lines 
on plotting log T) versus l/T in accordance with equation [ij 
for melts viz. sodium and potassium nitrates, potassium 
dichromate and thallium nitrate. Figgen and Gerding (5), 
Macedo and Napolitano (6,7), and McLaughlin and Ubbelohde (8) 
have also studied this to explain the tenq:>erature dependence 
of viscosity for various melts and liquids. 
Macedo and Litovitz (9) also proposed the view that both 
the distinction of relaxation times and the non-Arrhenius 
viscosity behaviour have a common origin, possibly both being 
related to the onset of a cooperative flow process. 
Although for melts well above their melting points and 
normal organic liquids, it is generally found that plots of 
In r\ versus 1/T give straight lines indicating that the 
p 
activation energy for viscous flow, ^vis in equation [1] 
is independent of teoiperature, but the same is not true in 
the case of highly supercooled liquids (5, 10-14). 
At lower tenqperatures, deviation from Arrhenius equation 
may occur* and the temperature dependence of viscosity in 
fused salts systems can then be represented approximetly by 
Vogel (15), equation. 
In T) = B + A/(T-C) .... [2] 
where A, B and C are some arbitrary constants. Figgen and 
Gerding (5), and Miloslov and coworkejps (16) used this 
equation for various liquid systems and obtained satisfactory 
results. Knapp (17) used Vogel-Fulcher equation to a number 
of different glasses and evaluated satisfactory results. 
Masschalk (18) introduced a correction term in the Vogel 
equation, 
m n = B'* + A'V(T-C'») + D»«T .... [3J 
where D* * is a parameter, the absolute value of which does 
not exceed 3x10*""^ . 
Walther equation (19) is found to be considerably better 
for reproducible data over the extented ranges of temperature 
mainly in the region of low temperatures and it is expressed 
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as 
log[log(-i>40.8)] = -r\ log(T/Tj^ ) + logllogCl)!^ + 0.8)] = 
A log T + B .. •• [4j 
where i) stands for kinematic viscosity, T for absolute 
temperature and A and B are constants* 
Another well known relationship between the viscosity 
and temperature over moderate temperature range is given by 
Andrade (20,21), 
In ti = B/T + In A .... [s] 
Panchenkov (22) and Chu-Nan-Wang (23) have shown that the 
Andrade equation is valid for the viscosity of melts. This 
equation was also found to hold good for the viscosity of 
liquid thallium as determined by Crawley (24). 
^ Doolittle (25) applied this equation to n-heptadacene, 
but it fails to account for n>alkanes with molecular weights 
higher than 240. 
Various authors like Poisevil O.E. Mayer, slotte, 
Graetz, (review by Srinivasan andPrasad) (26) Sokolov (27), 
Strauss (28), Palit (29) and Green (30), Cornelissen and 
Watermann (31), Arnold (32), Konoreko and Yatsenko (33) have 
proposed equations relating viscosity and temperature based 
on ei^ pirical or semiempirical grounds. 
The equations for various transport properties are 
generally derived from different theoretical models. Of these 
theories, Eyring's theory has gained widest prominence as a 
basis for the interpretation of experimental data. (34-38) 
Eyrlng assumed holes in the liquid for the molecular move> 
ment to take place but no term in the given equation is 
specifically allowed for their presence. Only a few experi-
mental informations are available on molten salts, but the 
data indicate that the viscosity coefficient is much like 
that of any fluid. 
Frankel model (39-42) is also considered a fully 
developed one for the process of viscous flow and for the 
liquid state in general. This model emphasize over the 
similarity in properties between the liquid and the solid 
especially in the range well below the critical temperature. 
This author explains the sharp increase in fluidity on fusion 
in general by assuming that the fluidity of a body implies the 
possibility of displacement of its molecules which requires 
a certain amount of free volume within the liquid. On fusion, 
increase in volume occurs which is sufficient to provide 
space for the individual displacement of molecule from one 
equilibrium position to another, the two equilibrium positions 
being separated. The pre-exponential term depends on tempera-
ture. Frankel attempts to explain this discrepancy by 
assuming that the activation energy varies inversely with 
temperature. He considered holes in the liquid gap between 
the spheres of influence of the constituent molecules as 
having no definite size and shape. In case of molten salts, 
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which obey Batchinski equation (43) relating viscosity and 
free volume, it seems that the amount of free space contro-
lling viscous flow is that between ion pairs rather than 
between single ions. 
According to Roseveare» Powell and Eyring (37, 38) a 
liquid is best considered as a solid to which a large number 
of equilibrium positions or holes have been added. According 
to Eyring viscous flow is assumed to take place by the acti-
vated juo4>ing of an aggregate composed of one or more 
molecules from an initial normal configuration to a second 
normal configuration, the two being separated by an inter-
mediate activated state. 
In the absence of an external shearing force on the 
liquid, it is reasonable to assume that the potential barrier 
involved is symmetrical. However, if an external shearing 
force is now applied to the liquid, the height of the barrier 
with respect to molecules on the side from which the force 
originates will be effectively lowered because of the energy 
they gain from the applied force, whilst the height of the 
barrier on the other side will be effectively increased by 
an equal amount• The symmetry of the molecules passing back-
wards and forwards over the barrier will therefore be des-
troyed, more molecules passing in one direction than the 
other, and hence viscous flow will take place. 
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After making certain assumptions to the partition 
function in the liquid state Eyring*s final equation is of 
the given form* 
3/2 
In T) = 1.09 X 10"^ ^Xz-i F e^P t^vis/RT] .... [6] 
V^ /"^  ^ 'vap 
where M is the molecular weight» V is the molar volume» and 
vap = ( vap - RT) is the energy of vaporization. 
In equation [6] the pre-exponential term appears as 
temperature dependent but, Ewell (44) has shown that this 
is not the case and that the pre-exponential term is indepe-
-ndent of ten^erature. According to Eyring (34) the molecules 
in the activated state of viscous flow occupy a volume larger 
than that in the initial state. This additional volume helps 
in the creation of new holes in the liquid. Then, according 
to Eyring, the activation energy for viscous flow, Evis, which 
represents the work done in creating this hole, should be 
F 
some part of the energy of vaporization, vap. Roseveare, 
Powell, and Eyring (38) related the free-energy of activation 
of viscous flow to the energy of vaporization. 
^ap/^vis = 2.45 .... [7J 
where ^vis = RT In (V/N) .... [8] 
Ewell and Eyring (35) have shown that the calculated values 
of the pre-exponential factor obtained by substituting the 
numerical values for the various physical quantities of 
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equation [6], differed from the experimental values by a 
factor of 2-4, Such a deviation shows some fundamental 
fault which has been ignored in the development of the 
viscosity equation. 
Powell and Eyring (37) explains this deviation by 
assuming the formation of the temporary *Double Molecules' 
during flow instead of the *Unimolecular Process* considered 
previously. Equation [6] cannot account for the larger 
departure from the Arrhenius behaviour. 
Frame, Rhodes and Ubbelohde (45-47) proposed an Associa-
tion CoiqDiex Theory to explain the deviation from Arrhenius 
behaviour and *pre-freezing* state, arising from the gradual 
extension of short-range order in a liquid towards the freezing 
point, melt may contain a diversity of *packed-clusters* 
dissolved in the fluid of single molecules. 
McLaughlin (48) has shown that for a liquid composed of 
single spherically symmetric molecules interacting with a 
Lennard-Jones 12:6 potential, the coefficient of viscosity 
is given by an equation of the form, 
Tj = T)o (T) exp [E(T)/RT] .... [9] 
where in contrast to equation [l] the pre-exponential factor 
and the activation energy for viscous flow are both tempe-
rature dependent. This type of approach indicates that 
deviation from Arrhenius behaviour may be associated with 
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structural effect of molecules. 
Framey Rhodes and Ubbelohde measured the electrical 
conductance and viscosity of sodium nitrate and potassium 
dichromate melts, and they found low values for the ratio 
of the two activation energies, E/EJ, which they ascribed as 
due to the presence of association complexes. 
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FREE VOLUME MODELS 
Batchlnskl (43) was the first to note that the proper 
independent variable to which viscosity of a liquid should 
be related yiol to the temperature but the specific volume 
iw). He has shown that the experimental data satisfy the 
expression, 
Tl = B/v-b 
where (v-b) is the free volume while B and b are constants; 
the latter bearing some analogy to the co-volume of the Van 
der waals equation and interpreted as the minimum specific 
volume at which the flow cannot occur. Batchinski tested 
this equation for many liquids and found that except for the 
'associated* liquids it holds good over a temperature range 
of about 100^. It also holds well for molten salts well 
above their melting points. Hildebrand (49) has shown that 
the f li^i<^ity(^= rj"^ ) of a simple liquid at atmospheric 
pressure and at any temperature is proportional to the frac-
tional excess of its molal volume, V over the molal volume, 
Vo, at which the molecules are so closely crowded so as to 
prevent viscous flow while still retaining its rotational 
freedom. This is expressed as 
<^ = B - i ^ .... [lOj 
This approach gives the idea that the expression of the melt 
is responsible for change in viscosity with temperature 
mainly in undercooled region. This holds good at very high 
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pressure of at least 500 atm* 
Doolitte (50-52) suggested emperlcally an exponential 
relation which accurately describes the viscosity behaviour 
in the non-Arrhenius temperature region : 
<£ = Aj^  exp [-Bj^Vo/Vf] .... [11] 
Here A, and Bj^  are the emperical constants. 
The free-volume was defined as 
Vf » V - Vo .... [12] 
where V is the specific volume of a liquid at any temperature 
while Vo is the specific volume of the liquid extrapolated 
to absolute zero without change of phase. 
Williams, Landel and Ferry (53) tested the Doolittle 
equation for various systems and have shown that the depen-
dence of fluidity on temperature in glass transition is 
satisfactorily described. Doolittle*s expression was found 
to hold well in glass-forming anhydrous melts (54) as well. 
An atteoq^ t has also been made to apply the Doolittle *s 
expression to aqueous melts of calcium nitrate tetrahydrate 
(52). 
However, this expression has been modified to 
C?5> = A^' exp [-B^ /(V-Vo)] [13] 
where A* and B* are the empirical parameters, V is the molal 
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volume at any temperature, and Vo is the intrinsic volume or 
the molal volume at To. In this case the measured viscosi-
ties of pure Ca(N03)2.3.99 HgO at 40° differ by r^8-lC% when 
compared with those reported by Moynihan (55) for 
Ca(N03>2»'*»^^^2'^* ^^^^ ^^V ^ attributedLto a difference in 
the water content of the two cases. A 2% difference in this 
result for every 0.01 change in the HgO/Ca ratio is consis-
tent with those of Moynihan et al. (56). 
Later Cohen and Turnbull (57) derived theoretically an 
equation based on the 'hard-sphere* model. According to the 
model the transport process begins by *jumps* of molecule 
into adjacent void or 'cage* of a critical size with equal 
probability to allow the jump of a neighbouring molecule 
into it and thereby prevents the possibility of the reverse 
process. The increase in the size of voids to the critical 
size necessary for diffusion results from the redistribution 
of 'free-volume* without change in overall energy. The 
transition probability is expressed in terms of Diffusion co-
efficient which is exponentially related to the ratio of the 
critical void volume to the total free volume, 
D = ga u exp [- v*/ vf ] 
On substitution of 
v^ = a Vjij (T-To), the above equation assumes the 
form, 
D = ga*(3kT/m)^/2 ^^p [-Yv*/av„(T-To)] [14] 
m' 
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» 
where g is geometric factor, a approximately equals the 
molecular diameter, y is a numerical factor to correct the 
overlap of free volume, v is the critical void volume, 
Vf is the average free volume, a and v are the mean values 
of the coefficient of thermal expansion and the molecular 
velocities, respectively, while To is the temperature at 
which the free-volume disappears. 
Angell (58-60) transformed equation [14 ] by considering 
the Stocks / Nernst-Einstein (61) relations and gave the 
expression, 
^ - A^T~^/2 exp [.K^/(T-To)J .... [15] 
where A^ and K^ are the constants characteristic of the 
transport processes and the chemical system and T is the 
glass-transition temperature at which the mobility of the 
flowing entities ceases or in other words the free-volume 
disappears, and the configurational entropy of the liquid 
vanishes. Equation [15] is generally known as the Vogel-
Tamman-Fulcher (VTF) equation. It has been widely used to 
explain the temperature dependence of flow properties of 
hydrated and anhydrous melts. Flow behaviour of various 
systems viz. Zn(N03)2.6.03H20 - Ni(N03;25.95H2O, Zn(N03)2. 
5.92H2O - MnCl2 and Ca(N03)2.4.04H20 - Mg(N03)2.5.91H20 in 
which the solutes are appreciably soluble, has been studied 
(62). In these cases, the fluidity was examined in terms of 
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the Doolittle's free-volume equation by least-squares 
fitting them to equation [13]. The plots of In (J3 versus 
l/(V-Vo) for Zn(N03)2.6.03H20 - Ni(N03)2.5.95H20 system are 
linear, signifying the applicability of Doolittle's expre-
-ssion to such systems. Similar plots were obtained for 
other systems as well* 
Adam and Gibbs approached in a different manner to 
this problem by stating that the transition of a molecule 
occurs by the cooperative rearrangement of a group of mole-
cules constituting groups of molecular entities. They defined 
a cooperatively rearranging region as a sub-system of the 
sample . This sub-system can rearrange into another 
configuration, if sufficient energy for the fluctuation is 
available, independent of its environment. 
According to Adam and Gibbs, at glass-transition 
temperature (To) the cooperatively rearranging region possesses 
the average transition probability, u(T) wriiich may be 
expressed as 
G(T) = K exp [ - A H S C * A T S C ] .... [16] 
where A is a frequency factor, t^n is the free-energy barrier 
per mole of particles opposing the cooperative rearrangement, 
Sc is the minimum configurational entropy which a region of 
the liquid must possess in order to undergo cooperative 
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rearrangement» k is the Boltzmann constant and Sc Is the 
confIgurational entropy of the macroscopic system. 
After taking some approximation into account* Sc may 
be expressed as 
Sc S ^ C p In T/To .... [17] 
where ^ C p is the average change in the heat capacity at the 
glass-transition temperature^ q^|UKtl9fi [16] may then be 
expressed as follows : 
uU> = ^  exp [-^[i Sc*/kT *^ C^p In (T/To)] .... [18] 
which in terms of fludity may be expressed as follows : 
<J) = A<^ exp [-k<|,/T ln(T/To)J .... [19] 
where k<^  = ^\i Sc*/K *:^y::p .... [20] 
and u(T) is proportional to fludity (^= TJ*"^). This model 
which is expressed in terms of the cooperative rearrangement 
(CR) is termed the configuration entropy model (CEM). The 
model is tested (64) for several low melting glass forming 
melts viz. Zn( 1103)2.6.03H2O - Ni(N03)2.5.95H20, 
Zn(N03)2.5.92H20 - MnCl2 and Ca(N03)2.4.04H20 - Mg(N03)2.5.91 
H2O and successfully explained the non-Arrhenius temperature 
dependence of flow properties. The linear plots of Incb 
versus l/T In (T/To) for the above systems support the 
applicability of the CEM. 
20 
Thus, the above models based on the free-volume and 
the configurational entropy concepts adequately describe 
the transport behaviour of fused salts including the glass-
forming melts in the non-Arrhenius region. However, both 
of them failed, when fitted over the entire temperature 
range from high temperature down to glass-transition tempe-
rature (Tg). 
To explain the behaviour over the entire range of tem-
perature from high tes^erature down to glass transition 
temperature (Tg), Simmon and Macedo (65,66) developed a 
model which correlated the distribution of relaxation times 
and activation energies of the supercritical fluctuation 
theory of Ornstein and Zerhike. This model was termed the 
Environmental relaxation model (ERM). 
The distribution of relaxation times, g (In T) was log-
gaussian in time, and the distribution of activation energies, 
g(E) was gausslan. The g(E) and the g(ln X) were narrow in 
high temperature Arrhenian region and broadend markedly, as 
the temperature was lowered, while the average activation 
energy, E, remained temperature independent and the most 
probable relaxation timeT*, remained Arrhenian. 
On the basis, it was concluded that the non-Arrhenian 
viscosity behaviour was due to the broadening In g(E) and 
g(lnr) which resulted in the appearance of higher, as well 
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as, lower activation energies, while both the VTF and the CEM 
equations generally relate the onset of a non-Arrhenian 
behaviour as the temperature is lowered, thereby resulting 
in the average activation energy. The ERM equation is 
expressed as follows : 
In n«+ln(OA)^ + ETI I RT + l/2<AE^y(RTJ^ [21J 
G«o is the shear modulus of the melts, A is an empirical 
2 
parameter and R is the gas constant, <C^E > is the variance 
of the Gaussian distribution of activation energies about the 
average energy, E, and is given by 
<^^E2>=CO'»IRT[ 1/(1+^2) jV2 ^22] 
where Co is an empirical parameter and 6 = ro/2(T), where 
r© is the range of structural interaction for the relaxation 
process and Z(T) is the size of microstructure at any tem-
perature, T« The temperature dependence of 2(T) is given as 
Z(T) = s/[(T/To)-l]2 .... [23] 
where s is a constant. Hence,^ may be written as 
^ = ^o[(T/To)-l]2 .... 1:24] 
whereto denotes the ratio of ro to s. Substitution of 
the values of equations [22] and [24] into that of [21] 
resulted in 
In T) =+ln(G«A) + \En + 1/2 CoT)[l+l/(l+ETi2)]3/2l^RT 
or 
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In T) *nn(G«A)^ +{ET) + l/2CoTi[To'*/(ro'^ o^^ CT-To)1)] ^/2}/RT [26] 
Tweer» Simmons and Macedo (67) applied this model to 
explain satisfactorily the transport behaviour of 
0.4Ca(N02)2 + O.6KNO3 molten salts* mixture, oxide glasses 
and organic liquids over the entire temperature range. 
The glass formers are of two types, the inherent and 
the induced glass formers. The inherent glass formers are 
mostly inorganic oxides of the elements Si, B, P, V and Ge 
and the induced glass-formers include the transition metal 
salt-rich mixtures of polyalkylammonium and phosphonium 
SAit and also a few of the binary molten mixturesof hydrates 
of metal nitrates and halides. Some of these systems have 
been found to be ideal (68-70) with respect to the molar 
volume while others are non-ideal. The feasibility of ERM 
has been examined for ideal as well as for non-ideal systems. 
For ideal behaviour, the systems chosen were the molten 
mixtures of Zn(N03)2.6.33H20 + 03(1403)2.4.IH2O (71), The 
non-ideal systems classified as those containing (i) tetra-
hedral conqplex ions (72-75) as in the cases of anhydrous 
transition metal halide described in molten tetra-n-butyl-
ammoniun-chloride, bromides and iodides, TBAX (X = CI, Br, 
or I) and (ii) octahedral complex ions : (68,76) viz, the 
glass-forming molten mixtures of Zn(N03)2.6.33H2O + 
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Cu(N03)2.2.92H20, Zn(N03)2.6.27H20 + NICI2, Cd(N03)2.4.IH2O 
+ NiClg* Cd(N03)2.4.1H20 + C0CI2, Zn(N03)2.6.27H20 + C0CI2 
(71,75;, Ca(N03)2.3,91H20 + NiCl2 (77), 211(^3)2• 6.03H2O -
NiCN03>2»5.95H20, Zn(N03;2«5.92H20 - MnCl2 and 
Ca(N03>2»4.04H20 - MgCN03;25.91H20 etc. 
The behaviour of viscosities were either explained in 
terms of the available free-volume or the temperature of 
measurement* The plots of (b and log (b against the recipro-
cals of free-volume and temperature, respectively, show 
curvature which increases with successive increases in solute 
concentration, as found for all the systems investigated (79). 
A close examination shows that the initially linear 
plots of w against l/(V-Vo) become non-linear as the free-
volume decreases and eventually there is a return to linea-
rity when the slope shows a tendency to approach zero as the 
free-volume approaches zero. At this stage, i.e., at To, 
the emergence of a new phase in a state of zero mobility is 
imminent. Similarly, the Arrhenius plots were examined for 
increase in nonlinearity with successive increases in solute 
concentration. 
24 
VISCOSITY OF LIQUID MIXTURES 
The viscosity of liquid mixtures were predicted by 
Macleod (80) by considering the idea of ideal mixing for 
the viscosity of liquid mixtures, in terms of the viscosity 
of the pure components as follows : 
X Xrj 
"^ = ''l ^ 1 " x ^ "^  ^^2~r^ ....[27] 
where N, and N^ are the mole fractions of components 1 and 
2, T), and lu are their viscosities, x^ and ^2 are their free 
spaces and T) and x are the viscosity and the free space of 
the mixture, respectively, provided the molar volumes are 
additive in nature, 
X = XjVj^  + XgV^ .... [28] 
where V, and Vg are the volume fractions of the two components, 
Macleod equation was employed for a number of molten salt 
systems and was found to be applicable. In the case of 
organic liquids, experimental data show good results provided 
that no change in volume occured on mixing as envisaged 
above. 
Rosevear, Powell and Eyring (38) have given the expressior 
for explaining the behaviour of fludity of mixtures provided 
that the viscous flow involved the movement of one molecule at 
a time from one equilibrium position to the next and the 
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mixing species do not interact. This is expressed as follows: 
4" ^  ^ 1 ^ 1 "^  ^2'^^2 '•^ •^^  
(b, and (1>2 are the l^w-cLu-t»cx of the components (l) and 
(2), K^ and N2 have their usual meanings. In this, it is 
assumed that the energy of activation for viscous flow is 
same for the mixtures as well as for the pure components. 
Harrap and Heymann (81,82) have tested this equation for 
various system viz, AgBr - AgCl« PbBrg - PbClg and 
CdCl2 - CdBr^ and found satisfactory results. 
There are two major semiempirical theories of liquid 
viscosity viz. (i) the absolute reaction rate theory of 
Eyring and co-workers and (ii) the free-volume theory. The 
absolute reaction rate theory relates the viscosity to the 
free energy needed for a molecule to overcome the attractive 
force field of its neighbours, so that it can jump (flow) 
to a new equilibrium position. While, the free-volume theory^ 
relates the viscosity to the probability of occurrence of an 
empty neighbouring site into which a molecule can jump. This 
probability is exponentially related to the free-energy 
of the liquid. However, Macedo and Litovitz (98) 
have argued that neither of the above theories is entirely 
adequate in explaining the data for pure components and the 
better results are obtained by combining them. 
26 
Later, Flory and coworkers (85-87J proposed a new 
approach to obtain the thermodynamic parameters of liquid 
mixtures based on the statistical thermodynamic theory. 
Flory treats the properties of mixtures In terms of the 
reduced properties of the pure components and single intera-
-ctlon parameter • It, thus, has a minimum of adjustable 
parameters. This theory lays particular stress on the 
equation of state contribution to the thermodynamic excess 
functions, which are of central Importance in determining the 
free-volume of the solution. Combining the absolute rate 
theory and the free-volume theory of viscosity, one obtains 
(83,84) for the viscosity of solution, 
T) * A exp 1<^G^/KT + Yv»/vf ] .... [30] 
4^G^ is the activation free-energy per mole of solution, 
R is the gas constant, and T is the absolute temperature, 
V* is the empty volume which must be available for a mole-
cular segment jumping to its new site, vf is the free-volume 
per segment in the solution, and T is a factor of order 
unity* An equation of the same form holds for the pure 
components, 
m = A exp [*^i+/RT + Yv*/vfi] .... [31] 
(1 = 1, 2) 
Roseveare, et. al. (97) expressed the following 
relation. 
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^ G ^ = X^ *i2^ Gj^ + + X 2 ^ G 2 ^ - « * ^ •••• t32J 
where A G ^ is the residual free-energy of mixing and a is 
a constant of the order of unity. In the absence of inde-
pendent knowledge of the values of a and y, henceforth both 
are set equal to unity. 
Substitution of equation [32] into that of L30] 
yields, 
T| - A exp L O T R T - D T + ^ f J , , I O>5 J 
On taking the logarithm, of the above equation, we 
have, 
X, AG,=*= Xo^^a'*' a ,^M3^ rv*-, r n 
m 1) . m A + [ \ j ^ + ^ g^ ^  ^RT "^  "if ^  • • t34] 
On substituting the values of -ilXG,* and ii^ Gg'' into 
equation [34] and simple manipulation yields, 
AG** ' ^ In T) = Xj^ lnrjj^  + X2lnTi2 - -^— + V x ( - ^ - -^^ 7f ^ •• ^35] 
D 
*i^G , the residual free-energy of mixing relates to the 
enthalpy and entropy as follows : 
<iXG^ = *^^M ~ "^ ^^ ^ t36] 
where ^ :^ Hjj is the enthalpy of mixing per mole of solution 
D 
and .<^S is the residual entropy per mole i.e. the entropy 
of mixing minus the combinatorial entropy. 
The free-volume per segment interms of total volume and 
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the hard core volume Is expressed as follows : 
v^ = V - V* [37] 
and, the reduced volume i s defined as : 
V » v/v* . . . . [38] 
Substitution of equations [36-38] into equation [35] yields 
r^ 
The reduced and the characteristic parameters v and v» 
respectively are calculated using the Flory*s theory. For 
the pure conqponents vr. is obtained from the values of the 
thermal expansion coefficient^ ai as follows : 
^ ^ ' ^ 3 a , T ^ 3 ^^^ .... t40] 
in which V* = v/V .... [41] 
The reduced temperature is obtained from the relation, 
Tr = (v ^ /3.i)/-4/3 ^^ ^^  ^^ 2] 
The characteristic pressure is evaluated from the following 
expression : 
Pi* = (ai/^T(i)) +'v 2 .... ^43j 
where Px(i)is the isothermalcompressibilities of component i. 
The reduced temperature of the mixture is expressed as 
follows : 
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where ct>^ is the segment fraction. 
[44] 
r « A ^ + lLnJ\n [45J 
and Y*2 ^ ^ ^ ®^ site fraction, 
1^ * T-.S-Y. l^^ l^ l ^ '2^2 
[46] 
while Pj^ *, ?2** "^i* ^^ "^2* **^ ®^ their usual meanings for 
the pure components. Xj^ ^ is an interaction parameter with 
units of pressure, determined from the experimental AHw at 
^quimolar concentrations of components 1 and 2. 
The reduced volume of the mixture is the sum of the 
reduced volumes of the pure components and the reduced 
excess volumes, 
V = v " + v= .... [47] 
Where V ° = c^^ Vi + f2 % •••• t^ J^ 
r^ E 
and V can be written to adequate approximation as 
-^ E^ , 17 oj7/3j4/3_^^ Ojl/3j (T"- I oj .. [49J 
to=[(7°)V3.,j (^0,-4/3 f^j 
The enthalpy of mixing is expressed as 
-^"M = ^lPl*Vi*(i^ - 4) ^  X2P2*V2*(^ - -^ + "tZ^ 
.... t51] 
^12 
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:^^ ,s" = ""1"! ^ 1 *i m :.i.,. / . - ^ 2 - ^ *g 
In j ^1^ .... [52] 
while the residual entropy as 
-1 
Bloorafield and Dewan (99) tested this theory with experi-
mental values of various systems» viz. CCl^ -C^ Hj^ 2» 
C^H^-C^H^2» ^6"6'^^^4 *"^ CCl^-CCCHg)^ and found that the 
agreement between the theoretically predicted and the 
experimentally obtained values is generally within a couple 
of percent* Poor agreement is found between the experimental 
and the calculated values in benzene-cyclohexane mixture, 
for which Abe and Flory have observed disparities between 
the observed and the calculated values of the thermodynamic 
properties as well. 
Pandey and David (93) have coa^ared the viscosities 
and excess viscosities of binary molten nitrates viz. 
LiN03-NaN03, LiN03-KN03 and NaN03-KN03 and found satis-
factory agreement between the experimental and the theore-
tical values. They have concluded that the Flory's 
statistical theory need not be restricted to molecular 
liquids alone but, in combination with the free-volume 
theory^ may be applied to study the behaviour of ionic 
systems as well. 
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Pandey, Chaturvedi and Pant (88) have also attempted 
to predict theoretically the viscosity of two binary liquid 
mixtures : viz. toluene-acetone and chloroform-acetone over 
a wide range of temperature and composition by employing 
Bloomfield and Dewan and Flory*s statistical theories. The 
agreement between the theoretical and the experimental 
values was excellent * 
Jambon and Delmew (ICXD) have measured the viscosities 
of various mixtures of SnR^ and some other larger globular 
molecules viz. SnBut. with SnMe., SnEt.» SnPr.» SnOCl^» 
SnLaur. and SnLaur^ with SnEt^ and SnPr^, (ii) SnBt^ + 
squalane i0^^2^, Si(OMe)^ + SiCOOCt)^, SiCOEt)^ + 
SiCOOCt)^, Si(OEt)^ + Squalane, SiCOOCt)^ + ""^10* 
SnOCl^ + ""^12* ^"^ (iii) '^ "^ 15 "•" benzene. 
They found that for the systems, SnBut^ + SnMe^, there 
is a relatively large free-volume difference, -i^ln x) is 
positive and large, due to the free-volume contribution. 
For SnBut^ + SnEt^, SnBut^ + SnPr^ and SnBut^ + SnOCt^ the 
heat of mixing as well as the free-volume differences are 
small, ^ I n T) is predicted to be very small while the experi-
mental values are larger and positive, in the case of last 
three systems of class (i) the negative contribution coming 
from the large heats of mixing is almost balanced by the 
positive one due to the difference in their free-volume, so 
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that Z^ln T) is predicted to be quite small* 
Viscosities of binary and ternary mixtures of molten 
salts and organic liquids have been studied by different 
authors. 
E X P E R I M E N T A L 
Purification of Quinoline : Quinoline was distilled several 
times at 235-238°C. The distillate was redistilled under 
reduced pressure of 20 ram Hg at 118-120°C (101). The pure 
quinoline was kept in a dry well stoppered bottle. 
Purification of Toluene : Commercial toluene contains 
methyl thiophene (thiotoluene) which can not be removed by 
distillation. It was purified with concentrated sulfuric 
acid. The presence of thiophene was detected by shaking 
3 ml of toluene with a solution of 10 mg of isatin in 10 ml 
of concentrated sulfuric acid and allowed the mixture to 
stand for a short time : a bluish-green colouration 
produces if thiophene is present. The thiophenewas removed 
from toluene by shaking with concentrated sulfuric acid, 
advantage being taken of the fact that thiopheneis more 
readily sulfonated than toluene. After filteration the 
toluene was distilled through an efficient column and the 
fraction (b.p. 80-81°C) collected. The pure toluene 
(b.p. 110.5^0/760 mm Hg) was stored over sodium wire. 
Temperature Control : Preparation of samples and measure-
ments were made in a thermostated paraffin bath in order to 
maintain a uniform temperature. The bath consists of an 
immersion heater (250 W), stirrer, and check and contact 
thermometers [TGL 35178, I s 0.03 A, 
max 
Hnax= 250 V :C GD R ] . The check thermometer (Germany) 
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was N.B.S. calibrated to record + 0.1° variation. A relay 
[Jumo type NT 15.0, 220-V-15A (Germany)] was used to control 
the variation in temperature. 
Preparation of Samples : Commercial calcium nitrate tetra-
hydrate (S. Merck Chemicals, India) was used as solvent in 
molten state and cadmium nitrate tetrahydrate (BDH) was used 
as solute for preparing binary mixtures. 
Several binary mixtures of different composition were 
prepared by taking weighed amounts of appropriate salt in 
tightly capped glass tubes immersed in the thermostated 
paraffin bath maintained at temperature »^10° above the 
melting points of salt used as solvent in nsolten state. 
Required amount of another salt was then added to the molten 
solvent in order to get the mixture of appropriate concen-
tration. Each mixture was heated for several hours until a 
homogeneous solution was obtained. 
Calibration of Pyknometer ; The pyknometer consists of a 
small bulb with flat bottom i^^Z ml capacity) and a 
graduated stem. The pyknometer was calibrated with distilled 
toluene of known density. The clear and dried pyknometer was 
weighed and filled with the pure and distilled toluene and 
again weighed. The difference of these two weights gave the 
weight of toluene taken. Then the pyknometer was immersed 
in the said thermostated bath maintained at the required 
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temperature of ± 0,01° thermal stability. The temperature 
was adjusted so as to bring the volume of toluene to each 
marking of the graduated stem of the pyknometer. The 
densities of toluene at these temperatures corresponding to 
each of the marks of the stem were calculated using equation, 
(102). 
Dt = 1.109 + 10"'^(-0.7542)t + 10"^(-0,1365)t^ + 10"^(-0.80H^ 
in which Dt stands for the density at t°C. 
Now using the values of densities and mass of toluene, 
the volume of pyknometer at each mark was calibrated. 
To check the reproducibility of calibration, the same 
process was repeated with different weights of toluene. 
From the known volume of calibrated pyknometer at each mark 
and the known mass of toluene, the densities were calculated. 
Calibration of Viscometer : Viscosities of samples were 
measured with the help of a Cannon>Ubbelohde (103) type 
viscometer. This viscometer consists of three arms which 
are parallel to each other viz, receiving, measuring and 
auxiliary tubes, for forming the suspended level arrange-
ment in a triangular fashion. The receiving tube forms a 
•U* with the measuring tube through a bulb. The viscometer 
to designed in a manner so that (1) the centre of gravity 
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of the three bulbs were aligned vertically to reduce the 
effect of acceleration due to gravity and (2) the resulting 
efflux time for water was set close to 80 seconds at room 
temperature (depending upon the dimensions of viscometer) 
in order to minimize the experimental errors* Capillary 
effects of the two liquid surfaces were neutralized by each 
other, so that the surface tension correction for the 
apparatus was negligible and the transport of momentum was 
carried out freely under the weight of the total volume 
(suspended^ of the test liquid. 
The viscometer was cleared, dried and filled with the 
pure and distilled quinollne. The viscometer containing 
the test liquid should be sufficient to avoid any air bubble 
being introduced into the capillary arm while fiducial bulb 
was filled. Then the open ends of the three arms of visco-
meter were connected with the calcium chloride tubes through 
the rubber tubings to avoid the absorption of moisture. The 
viscometer was then allowed to stand in the thermostated bath 
for half-an-hour to minimize the thermal fluctuations. 
Toluene was sucked into the measuring bulb with the help of 
a vacuum pump and was allowed to stand for few minutes before 
recording the time of fall of the liquid from the upper mark 
to that of the lower, several times. Mean values of almost 
identical readings were recorded at several temperatures. 
Viscosities (TJ) were calculated using the Poiseuille*s 
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equation, 
T) = K h j> gr^ t/81 v, 
where h is the height of the liquid column in the viscometer, 
/is the density of the liquid, g is the acceleration due to 
gravity, r is the radius of the capillary of the viscometer, 
1 is the length and t is the time of fall of the test liquid 
of volume, v to fall through the cccpHary, The above expre-
ssion may be written as, 
Tl = /Pt 
where p = «hgr /81v, p is a constant quantity and is cha-
racteristic of the viscometer* It was calculated by making 
use of the reported (104) values of viscosities of quinoline 
at several temperatures* 
The accuracy of calibrated viscometer was checked by 
measuring the viscosity of triple distilled water at test 
temperatures and comparing the experimental values 
with those of the reported (105) ones. 
lyEASUREMENTS : 
1* Density : A known amount of molten sample was trans-
ferred to the calibrated pyknometer with the help of a funnel 
fitted with a vacuum pump* This filling was performed inside 
an oven maintained above the melting temperature of the salt. 
The pyknometer was then immersed in the thermostated bath. 
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The volume corresponding to each of the marks was recorded 
as a function of temperature* 
Determination of water content of Hvdrated salts ; The 
exact water of crystallization of hydrates of calcium and 
cadmium nitrates was determined by comparing the measured 
densities with those of the reported (106» 107) values* 
2, Viscosity : The molten sample was transferred to the 
viscometer Inside an oven as described In the case of 
density measurements and Its free ends were connected to 
calcium chloride tubes through rubber tubings. The visco-
meter was then placed In the thermostated bath and the time 
of fall of the liquid was recorded. 
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R E S U L T S A N D D I S C U S S I O N 
It was found that no chemical reaction occurs between 
calcium nitrate tetrahydrate and cadmium nitrate tetrahy-
drate in molten state. 
When the measured densities of calcium nitrate tetra-
hydrate and cadmium nitrate tetrahydrate compared with those 
reported by Girja Maheshwari (108), it was found to be about 
2 and 2.5 percent higher, respectively. Such a comparison, 
therefore, suggests that the actual Hj:i/Q^^ and H20/Cd^ ''' 
mole ratios in the present samples of calcium nitrate tetra-
hydrate and cadmium nitrate tetrahydrate are 4.34 and 4.30, 
respectively. 
The solutions of Cd(N03)2.4.30H20 in Ca(N03)2.4.34H20 
as well as those of the pure solvents show a linear tempera-
ture dependence for densities. The density data for each 
melt were least-squares fitted to a linear function of the 
form, P = a-bT and the computed value of the parameters thus 
obtained are given in Table-1. 
The viscosities of pure Ca(N03)2.4.34H20 and Cd(N03)2. 
4.3OH2O at 30**C differ by 1.72 and 2.55 percent when compared 
with those reported by Girja Maheshwari (108). Such a 
difference in viscosities may be attributed to the different 
water contents of calcium nitrate tetrahydrate and cadmium 
nitrate tetrahydrate samples studied. The viscosities have 
been found to decrease with increase in temperature(PiY-lJ. 
.300 
Fig. 1. Plot of Jog-yivs 1/T for Ca(NOo) ^  .4.34 H^O + 
Cd(N03)2.4.30 H2O 
composition. 
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